Aim: Brucea Javanica oil emulsion (BJOE) has already been commercialized to treat various malignancies. The authors verified BJOE for its therapeutic effects on rhabdomyosarcoma (R1) in rats using magnetic resonance imaging (MRI), microangiography and histopathology. Methods: Rats were implanted with R1 in both flanks and subjected to intratumoral injections of BJOE or normal saline on day 0 and 7 for intra-individual comparisons. Therapeutic responses were compared between treated and control tumors at a 3.0 T MRI on day 0, 7 and 14 using T2-, T1-, and diffusionweighted imaging that generated apparent diffusion coefficient (ADC) with b values of 0, 50, 100, 150, 400, 600, 800 and 1,000 s/mm 2 . Volumes of necrotic and viable tumors were measured and verified with histopathology and tumor vascularity was quantified on microangiography. Results: After BJOE administration, tumor growth slowed down with increased intratumoral necrosis (P < 0.05) and reducedtumoral blood flow (P < 0.05). ADC maps differentiated viable and necrotic tumor components. Microangiography and histopathology supported MRI findings. Conclusion: Local BJOE injection created necrosis, reduced the growth and lowered vessel density in rat R1 tumors. MRI allowed monitoring tumor growth and quantifying therapeutic responses. As a non-invasive and contrast-agent-free technique, ADC maps helped distinguish the necrotic from viable tumor tissues.
INTRODUCTION
Brucea javanica (BJ) is a traditional Chinese herbal medicine [ Figure 1A and B] that has been originally used to treat various ailments like amebic dysentery and malaria. In China, as a commercial therapeutic product [ Figure 1C ], BJ oil emulsion (BJOE) has been commercialized to treat various malignancies including lung cancer, digestive tract cancers, prostate cancer and cervical cancer as well as their metastases. [1] Research indicated that BJ exerts its anti-cancer effect by the active components [2] [3] [4] [5] [6] [ Figure 1D ] in its seeds including quassinoids, [7] [8] [9] [10] triterpenoids, [11] [12] [13] flavonolignan and flavonoids, [11, 12, 14] pregnane glycosides [6, 9] and oleic and linoleic acid, [6] etc. and mainly via the activation of caspase-dependent mitochondrial apoptotic pathway, and P53-, NF-kappa B-, COX-2-dependent death receptor pathways. [15] [16] [17] [18] [19] [20] The formulations of BJ extracts has been largely improved aiming at raising anti-cancer activity and lowering toxicity of each single formula, while the anti-cancer effects in numerous human cancer cell lines have been constantly remarkable. The aqueous extract of BJ has been identified to exhibit cytotoxic effects in A549 non-small cell lung cancer, Hep3B hepatocellular carcinoma, methane dicarboxylic aldehyde-MB231 breast cancer, SLMT-1 esophageal squamous cell carcinoma, [16] and PANC-1, SW1990, CAPAN-1 pancreatic adenocarcinom. [17, 18] Also, BJ oil (BJO) was proven to induce apoptosis of T24 bladder cancer cells. [19] Encouragingly, the successful preparation of BJOE allowed the in vivo evaluation of anti-cancer effect of BJ. [15, 21] For the acute myeloid leukemia, BJOE has been shown to interfere molecular signaling pathways in U937 and Hodgkin lymphoma-60 cell lines as well as primary acute myelocytic leukemia patients' leukemic cells, but not in normal peripheral blood lymphocytes. Such anti-leukemia effects of BJOE were further verified in vivo in U937 leukemia xenograft in nude mice by BJOE intravenous injection. [15] Positive in vivo results were also shown in the S-180 sarcoma-bearing mice by intravenous administration of a mixture containing of BJO and coix seed oil. [21] Nevertheless, the therapeutic effects of BJOE on rodent solid malignancies such as rhabdomyosarcoma remain unexplored particularly in terms of noninvasive imaging therapeutic monitoring. To this end, we first generated a rat model of bifocal subcutaneous engrafts of rhabdomyosarcoma-1 (R1). Therapeutic effects of BJOE were compared intra-individually using normal saline (NS) as blank control in the rats with R1 tumors, and evaluated by noninvasive magnetic resonance imaging (MRI) as in vivo imaging biomarker and verified by ex vivo microangiography and histopathology.
METHODS

Reagents and cell line
The commercial BJOE [ Figure 1C ] was obtained from Mingxing Pharmaceutical Co. Ltd. (Guangzhou, China). Rat R1 cell line was kindly provided by Dr. P. Schoffski, Dr. A. Wozniak and J. Wellens (Laboratory of experimental oncology, Department of oncology, KU Leuven).
Rat model of R1 subcutaneous rhabdomyosarcoma allograft
All in vivo procedures including tumor implantation, drug injection and imaging were performed under gasanesthesia with 2% isoflurane in the mixture of 20% oxygen and 80% room air using a gas-anesthesia system (Harvard apparatus, Holliston, MA). Thirteen wistar albino glaxo (WAG)/Rij rats weighting around 250 g were recruited for the experiments. Initially, R1 cells (2 × 10 6 ) suspended in 200 μL phosphate buffer solution were injected into the dorsal subcutaneous tissue of a donor rat. Three weeks later, tumor derived from R1 cells was harvested from the donor, cut into 1 mm 3 blocks, and implanted bilaterally into the right and left flank regions of the recipient rats. The donor rats were then euthanized. Tumor growth was followed by MRI weekly from the third week after implantation.
Experimental design
The experiments started when the tumor diameters reached ≥ 1.0 cm at day 21 post implantation. These rats were intratumorally injected with BJOE at a dose of 0.6 mL/kg body weight (n = 12) and NS solution (n = 12) respectively served as a control at each lateral on day 0 and 7. All rats were noninvasively examined by MRI on day 0, 7, 14. Rats were euthanized after the last time point of MRI for postmortem microangiography and histopathology [ Figure 2 ]. Therapeutic responses were compared intra-individually between tumors of both sides and inter-individually among tumors at different time points.
In vivo MRI
MRI was performed on a clinical 3.0T whole body magnetic resonance magnet (Trio, Siemens, Erlangen, Germany) with a human wrist coil (MRI Devices, Waukesha, WI) on day 0, 7 and 14. The rats were placed supinely in a plastic holder inside the coil. 
MRI analyses
Image analysis was conducted using the built-in software on the Siemens workstation (version Numaris/4 Syngo MR A30) and ImageJ software (version 1.47, NIH, Bethesda, MD, USA) to obtain the following measurables. All measurements were acquired by 3 authors with consensus.
Tumor volume
On T2WI, tumor area was manually contoured with an operator-defined region of interest on all tumorcontaining images. The total tumor volume (mm 
Intratumoral necrosis ratio
Central area with a relatively higher intensity on T2WI and a high intensity on ADC maps is considered necrosis. The tumor area and the necrotic area were quantified by manually delineating the tumor mass covering the whole tumor and the necrosis inside tumor on each T2WI slice, respectively. The necrosis ratio was calculated by the following formula: necrosis ratio (%) = ∑ [necrotic area on each slice × (slice thickness + gap)] / ∑ [tumor area on each slice × (slice thickness + gap)] × 100.
Viable tumor ratio
The peripheral area with a relatively lower intensity on T2WI and ADC maps is considered viable tumor tissue. The viable tumor ratio was calculated using the Imaging software MeVisLab (version 2.6.2, MeVis Medical Solutions AG, Bremen, Germany) was used to perform the delineations and calculations. [22] 
Digital microangiography and vessel density quantification
After the last time point of MRI scanning, rats were anesthetized by an intraperitoneal injection of pentobarbital (Nembutal; Sanofi Sante Animale, Brussels, Belgium) at 50 mg/kg, and heparinized by an intravenous bolus injection of heparin (Leo Pharma AB, Malmö, Sweden) at 500 U/kg via the penial vein. From a cervical incision, the right carotid artery was retrogradely catheterized, and the arterial blood was collected by a 10 mL syringe. Barium sulfate suspension (Micropaque ® , Guerbet, France) was then injected gradually via the carotid catheter at the volumes of 1, 2, 3, 4, 5 mL, while the rats were stepwise radiographed with a digital mammography unit (Embrace; Agfa-Gevaert, Mortsel, Belgium) at 26 kV, 32 mAs. Afterwards, all tumors were excised and radiographed again by the same digital mammography unit. The tumors were then fixed and sliced into 3mm sections in the axial plane corresponding to the MRI using a plexiglas matrix (Agar Scientific, England), and these sections were radiographed at 26 kV, 18 mAs for quantification of vessel density. Digital photographs from microangiography were analyzed for quantification of relative vessel density using ImageJ. Briefly, the light background was first subtracted from each photograph by the 20 pixels of rolling ball radius. The tumor area was manually selected and mean gray value, as an index of the intratumoral vessel density, was then measured. The generated mean gray values were compared between the BJOE and saline treated tumors.
Hematoxylin and eosin staining and histopathology
After microangiography, the tumor sections were paraffin imbedded, sliced into 5 µm thickness and stained with hematoxylin and eosin for microscopic analysis using an Axiovert 200 M microscope equipped with an AxioCam MR monochrome digital camera (Carl Zeiss Inc, Gottingen, Germany) at 50× to 200× magnification. AxioVision 4.8 software was used. Histological findings were further cross-validated with the corresponding in vivo MRI and postmortem microangiographic images.
Statistical analysis
Numerical data were presented as mean ± standard errors of the mean. Results between the BJOE treated tumors and the corresponding control tumors were compared by two-way ANOVA in combination with Bonferroni posttest using the GraphPad Prism (version 5.01, GraphPad Software Inc, La Jolla, CA, USA). Tumors treated with both BJOE and NS appear hyperintense on T2WIs, and nearly isointense on T1WIs; intratumoral necrosis appeared highly hyperintense as a central core. On ADC maps, bilateral tumors share the same signal intensity at baseline on day 0, suggesting the intact tumor viability; however, tumors showed stronger signals in the center on day 7 and 14 after BJOE and NS injections, suggesting spontaneous and therapeutic tumor necrosis, respectively. Tumor growth curve (B), and corresponding viable tumor (C) and intratumoral necrosis (D) ratios between BJOE treated (red line, n = 12) and control (blue line, n = 12) groups on day 0 baseline, and day 7 and 14 post treatment measured from T2WI. No significant difference was found in tumor volume between the two groups. Intratumoral necrosis in BJOE treated group was found significantly raised than that in control group from day 7 on; meanwhile, viable tumor significantly decreased after BJOE treatment. Results are means ± SEM. **P ＜ 0.01, ***P ＜ 0.001. MRI: Magnetic resonance imaging; BJOE: Brucea Javanica oil emulsion; NS: normal saline; ADC: apparent diffusion coefficient; SEM: standard error of the mean 
RESULTS
General condition
All rats survived the entire experimental procedures including anesthesia, tumor implantation/growth and MRI sessions, and tolerated well intratumoral drug injection. The bifocal subcutaneous R1 tumor model was successfully established in all 12 rats, resulting in the sample size of 12 R1 tumors in each treatment group.
Weekly BJOE administration increased intratumoral necrosis and slowed down tumor growth in R1 allograft model in WAG/Rij rats
At baseline, both BJOE and NS treated tumors were hyperintense on T2WI [ Figure 3Aa1 , a2] and mildly hyperintense on T1WI [ Figure 3Aa3 , a4], respectively. Seven days after BJOE [ Figure 3Ab2 , b4] and NS [ Figure 3Ab1 , b3] administrations, inhomogeneous hyperintense signals appeared in the central region of tumors on both T2WI and T1WI, indicating spontaneous and therapeutic tumor necrosis occurred. Fourteen days after treatment, a larger area of central necrosis was seen on the BJOE treated tumor [ Figure 3Ac2 , c4] compared with the NS treated tumor [ Figure 3Ac1 , c3].
On DWI-derived ADC maps, relative to homogeneous signal intensities in tumors on day 0 baseline [ Figure 3Aa5 , a6], BJOE treated tumors revealed more hyperintense and larger central regions on day 7 and 14 post treatment [ Figure 3Ab6 , c6] in comparison with NS treated tumors [ Figure 3Ab5 , c5], suggesting the enhanced water diffusion due to the central necrosis caused by treatment. In spite of the imaging distortion and artifact, ADC maps displayed a better contrast between the viable and necrotic tissues.
Quantitatively, the mean volume of tumors, and corresponding viable tumor and intratumoral necrosis ratio measured on T2WI indicated that BJOE administration only slightly slowed tumor growth [ Figure 3B ], but significantly decreased percentile viable tumor volume [ Figure 3C ] and increased the percentile tumor necrosis [ Figure 3D ] (P < 0.01).
Angiogenesis inhibition as an anticancer effect with BJOE
Stepwise systemic arterial infusion of barium sulfate suspension indicated are duced tumoral vascularization level in BJOE treated tumors compared with the NS treated tumors [ Figure 4A ]. Accordingly, digital microangiography showed that BJOE treatment caused sparser blood vessels both on the harvested entire tumors [ Figure 4B ] and on sliced tumor blocks [ Figure 4C ], relative to NS treated tumors, suggesting that BJOE increased intratumoral necrosis and reduced tumor angiogenesis, which was in line with in vivo MRI findings and supported by histopathological outcomes [ Figure 4D ].
Tumor vessel density derived from ex vivo microangiography was 100 ± 13.35% and 89.96 ± 10.04% in NS and BJOE treated tumors, respectively [ Figure 4E ], while ADC perf from in vivo MRI showed a reduction of blood perfusion by 47.44% on day 7 and 24.22% on day 14 in viable tumors treated by BJOE compared to those treated by NS [ Figure 4F ]. These results suggested BJOE injection reduced tumoral vasculature in R1 allografts-bearing rats.
DISCUSSION
Utilizing natural products to develop potential new drugs for managing human diseases has been particularly encouraged by the 2015's Nobel Prize in physiology and medicine. [23] In this study, we reported, for the first time, that BJOE intratumoral injection significantly increased tumor necrosis and slowed down the growth of rhabdomyosarcoma allografts in rats, which evaluated by in vivo MRI, and verified by ex vivo radiography and histopathology. Moreover, by using in vivo DWI and ex vivo digital microangiography, angiogenesis inhibition was observed, which is likely involved in the anti-cancer effects of BJOE.
As a versatile method to noninvasively evaluate therapeutic effects in malignancies, [24] [25] [26] MRI was used in our study, which allowed in vivo tumor growth monitoring and quantitative comparison of therapeutic responses of R1 tumors in rats. Moreover, ADC map derived from DWI, as a non-invasive and contrast-agent-free technique, [22, 27] helped distinguish the necrotic from viable tumor tissues sensitively, while ADC perf , as an imaging biomarker for blood perfusion, provided more information about tumor angiogenesis. Therefore, by intention, we did not apply contrast enhanced MRI to avoid any possible drug interference in therapeutic evaluation.
The anti-cancer effect of BJOE observed in R1 allograft model is in line with the previous in vitro results that BJO induced apoptosis at low concentrations and necrosis at higher concentrations selectively in various cancer cell lines. [15, 20] In this study, since we adopted intratumoral injection as the administration route, central tumoral tissue was treated in a relatively higher BJOE concentration leading to enlarged central necrosis, while the surrounding tumor tissue was affected in a relatively lower concentration or through an indirect way, which collectively may have caused tumor cell necrosis and slowed down tumor growth. Additionally, the intratumorally injected BJOE might positively affect also the contralateral tumors via absorption to the blood.
Besides, continuous BJOE treatment seems to improve therapeutic response effectively, as the tumor volume and percentile viable tumor dropped further after the second time of BJOE treatment in comparison with the period after the first treatment. This suggested that BJOE could be suitable for chronic treatment and can be administered intravenously in patients. In our further research, we would try the intravenous administration of BJOE instead at a relative higher frequency in R1 tumor-bearing rats and compare the therapeutic responses with intratumoral injection.
Angiogenesis is one of the main hallmarks of cancer, [28] which plays critical role in tumor growth and spread. Neovascular targeting therapy is aiming at the abnormal morphology and functionality of the chaotic blood vessel network in the tumor. In our microangiographical observations, a sparser vasculature appeared in BJOE treated tumors, suggesting angiogenesis inhibition was likely involved in the anti-cancer effects of BJOE, which was in line with the in vivo ADC perf findings. Differing from the previously reported mechanism of BJ on malignancies [15] [16] [17] [18] [19] [20] by acting the caspase-dependent apoptotic pathway or through P53-, NF-kappa B-, COX-2-dependent death receptor pathways, anti-angiogenesis is mainly targeting endothelia of tumoral vessels or preventing tumoral vasculature, instead of direct effects on cancer cells. However, this possible novel anti-cancer effect of BJOE needs further verification in tumoral endothelial cells and in other tumor models.
Taken together, local BJOE injection created necrosis, reduced the growth and lowered vessel density in rat R1 tumors. MRI allowed monitoring tumor growth and quantifying therapeutic responses. As a non-invasive and contrast-agent-free technique, ADC map helped distinguish the necrotic from viable tumor tissues. On top of that, we have generated and applied a platform with rat model of R1 tumor allograft, with in vivo MRI diagnosis and post-mortem microangiography and histopathology evaluation, which might allow evaluating the anti-cancer effects of different other drugs as well.
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